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Xylan ases With Enhanced Thermophu-icity and alkalophu-icity 



The present invention relates to xylanases. More specifically, the invention relates to 
xylanases, and modified xylanases with unproved performance at conditions of high temperature 
andpH. 

BACKGROUND OF THE INVENTION 

Xylanases are a group of enzymes with wide commercial utility. A major application of 
xylanases is for pulp biobleaching in the production of paper. In addition, xylanases have been 
used as clarifying agents in juices and wines, as enzymatic agents in the washing of precision 
devices and semiconductors (e.g. U.S. Pat. No. 5,078,802), and they are also used for improving 
digestibility of poultry and swine feed. 

In the manufacturing of pulp for the production of paper, fibrous material is subjected to 
nigh temperatures and pressures in the presence of chemicals. This treatment converts the fibers 
to pulp and is known as pulping. Following pulping, the pulp is bleached. Xylanase enzymes are 
used to enhance the bleaching of the pulp. The xylanase treatment allows subsequent bleaching 
chemicals such as chlorine, chlorine dioxide, hydrogen peroxide, or combinations of these 
chemicals to bleach pulp more efficiently. Pretreatment of pulp with xylanase increases the 
whiteness and quality of the final paper product and reduces the amount of chlorine-based 
chemicals which must be used to bleach the pulp. This in turn decreases the chlorinated effluent 
produced by such processes. 

The most important chemical pulping process is kraft pulp. For kraft pulp, following 
pulping, and prior to the treatment of pulp with xylanase, the pulp is at about a temperature of 
55-70°C and at a highly alkaline P H (e.g. Nissen et al., 1992). A drawback of many 
commercially available wild-type xylanases, is that these enzymes exhibit an acidic P H optimum 
and a temperature optimum of about 55°C. Therefore, in order to effectively utilize xylanases 
for bleaching applications, the pulp must be acidified to a pH approximating the optimal P H for 
the specific xylanase used. In addition, the hot pulp must be cooled to a temperature close to the 
optimal temperature for enzymatic activity of the selected xylanase. Decreasing pulp 
temperatures for xylanase treatment decreases the efficiency of the subsequent chemical 
bleaching. Acidification of pulp requires the use of large quantities of acids. Further, the 
addition of acids leads to corrosion, which lessens the lifetime of process equipment. Thus, 
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xylanases optimally active at temperatures and pH conditions approximating the conditions of 
the pulp would be useful and beneficial in pulp manufacturing. 

Xylanases which exhibit greater activity at higher temperatures could be used to treat 
pulp immediately following the pulping process, without the need to cool the pulp. Similarly, 
xylanases which exhibit greater activity at higher pH conditions would require less or no acid to 
neutralize the pulp- The isolation of, or the genetic manipulation of, xylanases with such 
properties would provide several advantages and substantial economic benefits within a variety 
of industrial processes. 

Several approaches directed towards improving xylanase for use in pulp-bleaching within 
O the prior art include the isolation of thermostable xylanases from extreme thermophiles that grow 

13 at 8<M00°C, such as Caldocellum saccharolyticum, Thermaioga marhima and Thetmatoga sp. 

J Strain FJSS-B.l (Liithi et al. 1990; Winterhalter et al, 1995; Simpson et al. 1991). However, 

□ these thermostable xylanase enzymes are large, with molecular masses ranging from 35-120 kDa 

Ft (320-1 100 residues), and exhibit a reduced ability to penetrate the pulp mass compared with 

J other smaller xylanases which exhibit better accessibility to pulp fibers- In addition, some of the 

extremely thermophilic xylanases, such as Caldocellum mccharolyticum xylanase A, exhibit 
p both xylanase and cellulase activities (Lathi et al. 1990), This additional cellulolytic activity is 

hi undesirable for pulp bleaching, due to its detrimental effect on cellulose, the bulk material in 

paper. Furthermore, hyper-thermostable xylanase enzymes which function normally at extremely 
P high temperatures have low specific activities at temperatures in the range for optimal pulp 

^ bleaching (Simpson et al, 1 99 1 ). 

A number of xylanases have been modified by protein engineering to improve their 
properties for industrial applications. For instance, U.S. 5,759,840 (Sung et al.), and U.S. 
5,866,408 (Sung et al.) disclose mutations in the N-terminal region (residues 1-29) of 
Trichoderma reesei xylanase II (TrX). Three mutations, at residues 10, 27 and 29 of TrX, were 
found to increase the enzymatic activity of the xylanase enzyme at elevated temperatures and 
alkaline pH conditions. 

U.S. 5,405,769 (Campbell et al.), discloses modification of Bacillus circulans xylanase 
(BcX) using site-directed mutagenesis to improve the thermostability of the enzyme, The site 
specific mutations include replacing two amino acids with Cys residues to create intramolecular 
disulfide bonds. In addition, specific residues in the N-terminus of the enzyme were mutated 
which were also found to further improve the thermostability of the enzyme. In in vitro assays, 
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the disulfide mutants showed thermostability at 62° C, an improvement of 7° C over the native 
BcX xylanase enzyme. However, these thermostable disulfide mutants showed no gain in 
therrnophilicity in laboratory assays in subsequent studies (Wakarchuck et al., 1994). Mutations 
T3G (i.e. threonine at position 3 replaced with Gly; BcX xylanase amino acid numbering), 
D4Y(F) and N8Y(F) near the N-terminus of the BcX xylanase enzyme provided thermostability 
to 57° C, an increase of 2° C over the native BcX (U.S. 5,405,769). However, the use of these 
enzymes within industrial applications still requires cooling and acidification of pulp following 
pretreatment, prior to enzyme addition. Therefore, further increases in thermostability, 
therrnophilicity and pH optima are still required. 

Turunen et al. (2001) discloses mutations (Nl ID, N38E, Q162H) of TrX II at positions 
1 1, 38 and 162, complement similar disulfide bond (S110C/N154C) to improve the 
thermostability of the xylanase. However, these mutations including Nl ID also have an adverse 
effect on both the therrnophilicity and the alkalophiUcity of the xylanase, resulting in a decrease 
of enzymatic activity at higher temperatures and the neutral-alkaline P H, as compared to native 
TrX H. 

There is a need in the prior an to obtain novel xyianases which exhibit increased 
enzymatic activity at elevated temperatures and pH conditions, suitable for industrial use. It is 
an object of the invention to overcome drawbacks in the prior an. 

The above object is met by the combination of features of the main claim, the sub-claims 
disclose further advantageous embodiments of the invention. 
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SUMMARY OF THE INVENTION 

The present invention relates to xylanases. More specifically, the invention relates to 
xylanses, and modified xylanases with improved performance at conditions of high temperature 
andpH. 

This invention relates to a xylanase comprising at least one substituted amino acid 
residue at aposition selected from the group consisting of amino acid U, 116, 118, 144, and 161, 
with the position determined from sequence alignment of the modified xylanase with 
Trichoderma reesei xylanase H amino acid sequence defined in SEQ ID NO:l6. Preferably, the 
xylanase exhibits improved thermophilicity. alkalophilicity, broader effective pH range, 
expression efficiency or a combination thereof, in comparison to a corresponding native TrX 
xylanase. 

The present invention also provides for the xylanase as defined above wherein the 
xylanase is a modified xylanase and at least one substituted amino acid residue is at position 1 16. 
Preferably the substituted amino acid is Gly. 

The present invention also embraces the xylanase, modified at position 116 as defined 
above and further comprising a His at positions 10 and 105, a Met at position 27, a Leu at 
position 29, an Ala at positions 75 and 125, a Glu at position 129 and a Arg at position 144. 

This invention includes the xylanase modified at position 1 16 as defined above and 
further comprising a His at positions 10 and 105, a Met at position 27, a Leu at position 29, an 
Ala at positions 75 and 125, a Glu at position 129 and a Arg at position 144. 

This invention describes the xylanase modified at position 1 16 as defined above and 
further comprising a His at positions 10 and 105, an Asp at position 1 1 , a Met at position 27, a 
Leu at position 29, an Ala at positions 75 and 125, a Glu at position 129 and a Arg at positions 
144 and 161. 
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The present invention also provides for the modified xyianase as defined above wherein 
the at least one substituted amino acid residue is at position 144. Preferably the substituted 
amino acid is Arg. 

The present invention embraces the xyianase modified at position 144 as defined above 
and further comprising a His at positions 10 and 105, a Met at position 27, a Leu at position 29, 
an Ala at positions 75 and 125 and a Glu at position 129. 

The present invention also provides for the modified xyianase as defined above wherein 
the at least one substituted amino acid residue is at position 161. Preferably the substituted 
amino acid is Arg. 

This invention embraces the xyianase modified at position 161 as defined above and 
further comprising a His at positions 10 and 105> a Met at position 27, a Leu at position 29, an 
Ala at positions 75 and 125, a Glu at position 129 and an Arg at postion 144. 

The present invention also provides for the modified xyianase as defined above wherein 
the at least one substituted amino acid residue is at position 1 1 . Preferably the substituted amino 
acid is Asp, 

This invention embraces the xyianase modified at position 1 1 as defined above and 
further comprising a His at positions 10 and 105, a Met at position 27, a Leu at position 29, an 
Ala at positions 75 and 125, a Glu at position 129 and an Arg at postions 144 and 161. 

The present invention also provides for the modified xyianase as defined above wherein 
the at least one substituted amino acid residue is at position 118. Preferably the substituted 
amino acid is Cys. 

The present invention also embraces the xyianase modified at position 1 18 as defined 
above and further comprising a His at positions 10 and 105, a Met at position 27, a Leu at 
position 29, an Ala at positions 75 and 125, a Glu at position 129 and a Arg at position 144. 
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This invention includes the xylanase modified at position 118 as defined above and 
further comprising a His at positions 10 and 105, a Met at position 27, a Leu at position 29, an 
Ala at positions 75 and 125, a Giu at position 129 and a Arg at posirion 144. 

This invention describes the xylanase modified at position 1 1 8 as defined above and 
further comprising a His at positions 10 and 105, an Asp at position 1 1, a Met at position 27. a 
Leu at position 29, an Ala at positions 75 and 125, a Glu at position 129 and a Arg at positions 
144 and 161. 

The present invention is also directed to the modified xylanases, as defined above, 
wherein the modified xylanases are derived from a Family 1 1 xylanase, preferably a 
Trichoderma reesei xylanase. 



The present invention pertains to a modified xylanase comprising at least one substituted 
amino acid residue, wherein the modified xylanase is characterized as having a maximum 
effective temperature (MET) between about 69°C to about 84°C, and wherein the modified 
W xylanase is a Family 1 1 xylanase obtained from a Trichoderma sp. Preferably, the MET is 

between about 70° to about 80 6 C 

This invention also includes a modified xylanase comprising at least one substituted 
amino acid residue, wherein the modified xylanase is characterized as having a maximum 
effective pH (MEP) between about pH 5.8 to about pH 8.4, and wherein the modified xylanase is 
a Family 1 1 xylanase obtained from a Trichoderma sp. Preferably, the MEP is between about P H 
6.0 to about pH 8.0. 

The present invention is directed to a modified xylanase comprising at least one 
substituted amino acid residue, wherein the modified xylanase is characterized as having a 
maximum effective temperature (MET) between about 69°C to about 84°C, and a maximum 
effective P H (MEP) between about P H 5.8 to about P H 8.4. Prefereably, the MET is between 
about 70° to about 80°C, and the MEP is between about pH 6.0 to about P H 8.0. 
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The present invention also relates to a modified xylanase selected from the group 
consisting of: 

TrX-HMI^75Al05H-125Al29E-144R; 
TrX-HML-7SAl05H-125Al29E-144Rl6lR; 

TrX-116G; 
TrX-U8C; 

TrX-HML-75A105H-ll6Q-125Al29E-144R; 
_ TrX-HML-7SA105H-U8C-12SAl29E-144R; 
Jg TrX-H-l 1D-ML-75A105H-125A129E-144R161R; 

^5 TrX-H-l 1D-ML-75A105H-U6G-125A129E-144R161R; 

g TrX-H-UD-ML-75Al05H-118C-l25Al29E-144Rl6lR; and 

CO TrX-H-l 1D-ML-7SA105H-1 16GU8C-125A129E-144R161R; 

h According to the present invention, there is also provided a modified xylanase 

S comprising at least one substituted amino acid residue, and characterized as having a maximum 

Hi effective temperature (MET) between about 69°C to about 84 6 C, wherein the modified xylanase 

£ is a Family 1 1 xylanase obtained from a Trichoderma sp. Furthermore the present invention 

^ relates to a modified Family 1 1 xylanase obtained from a Trichoderma sp. characterized as 

having a MET between about 70° to about 80°C. The present invention also includes the 
modified Family 1 1 xylanase obtained from a Trichoderma sp. characterized as having a MET 
between about 69°C to about 84°C and a maximum effective P H (MEP) between about 5.8 to 
about 8.4. This invention also pertains to the modified xylanase as just defined, wherein the 
MEP is between about 6.0 to about 8.0. 



The present invention is directed to the use of the modified xylanase as defined above 
an industrial process. Also included is an industrial process, wherein the industrial process 
comprises bleaching of pulp, processing of precision devices, or improving digestibility of 
poultry and swine feed. 



in 
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This summary of the invention does not necessarily describe all necessary features of the 
invention but that the invention may also reside in a subcombination of the described features. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

These and other features of the invention will become more apparent from the following 
description in which reference is made to the appended drawings wherein: 

FIGURE I shows an amino acid sequence alignment among Family 1 1 xylanases. The amino 

acid numbering is compared with Trichoderma reesei xylanase n (Tr2) as indicated at the 
top of the sequences, The residues at position 75 and 105 (relative to Tr2) are in italic and 
indicated with an asterisk. The amino acids common to at least 75% of the listed Family 
1 1 xylanases are indicatedvin bold. The residues common to all Family 1 1 xylanases are 
underlined. For xylanases wi^h a cellulose-binding domain, only the catalytic core 
sequences are presented. 

FIGURE 2 shows the nucleotide sequence of TrX xylanase (SEQ ID NO:39), and the synthetic 
oligonucleotides used to construct the sequence encoding the Trichoderma reesei 
xylanase H enzyme (TrX) in the plasraid pTrX. 

FIGURE 3 shows the effect of temperature on the enzymatic activity of modified xylanase TrX- 
HML-75A105H-125A129E-144R, compared with TrX- HML-7SA105H-125A129E, at 
pH 5.5 during 30-min incubations. The data are normalized to the activity observed at 
40°C. 

FIGURE 4 shows the effect of temperature on the enzymatic activity of modified xylanases 

TrX-1 16G and TrX-1 18C, compared to native TrX, at pH 5.0 during 30-rain incubations. 
The data are normalized to the activity observed at 40° C. 

FIGURE 5 shows the effect of temperature on the enzymatic activity of modified xylanases 
TrX-HML-75A105H-l 16G-125A129E-144R and TrX-H-1 1D-ML-75A105H-1 16G- 
125A129E-144R161R, as compared to native TrX, TrX-HML, TrX-HML-75Al05H- 
125A129E and TrX-HML-7SAl05H-l25Al29E-144R, at P H 5.5 during 30-min 
incubations. The data are normalized to the activity observed at 40° C. 

FIGURE 6 shows the effect of temperature on the enzymatic activity of modified xylanases 
TrX-H-1 1D-ML-75 A105H-1 16G1 18C-12SA129E-144R161R, TrX-HML-75 A105H- 
U6G-125A129E-144R, TrX-H-l 1D-NCL-75A105H-1 16G-125A129E-144R161R, TrX- 
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HML-75A105H-ll8C-125A129E-144RandTrX-H-UD-ML-75A105H-ll8C- 
125A129E-144R161R, as compared to TrX-HML-75Al05H^125A129E-144R, at pH 6.0 
during 30-min incubations. The data are normalized to the activity observed at 40° C. 

FIGURE 7 shows the effect of temperature on the enzymatic activity of modified xylanases 
TrX-HML-75 A105H-1 16G-125A129E^144R and TrX-H-l 1D-ML-7SA105H-U6G- 
12SA129E-144R161R, TrX-HML-73Al05H-ll8C-l2SA129E-144R and TrX-H-UD- 
ML-75A105H-118C-125A129E-144R161R, as compared to TrX-HML-75Al05H- 
125A129E-144R, at pH 6.0 during 30-min incubations. The data are normalized to 
maximum activity for each enzyme. 

? FIGURE 8 shows the effect of temperature on the enzymatic activity of modified xylanases 

TrX-H-l 1D-ML-75A105H-125A129E^144R161R, as compared to TrX-HML-75Al05H- 
£ 125A129E-144R161R, at pH 6.0 during 30-min incubations. The data are normalized to 

2 the activity observed at 40° C. 

=c FIGURE 9 shows the pH /activity profile of modified xylanase enzymes TrX-H- 1 1D-ML- 

75A105H-116GU8C-12SA129E-144R161R, TrX-H-llD-ML-75Al05H-U6G- 
125A129E-144R161R, TrX-HML-75Al05H-Xl6G-125A129E-144R and TrX-HML- 
75A105H-U8C-125A129E-144R, as compared to TrX-HML-75Al05H-l25Al29E- 
144R161R and TrX-HML-75Al05H-125A129E, overpH 5.0-8.0 at 65° C during 30-min 
incubation. The data are normalized to the pH exhibiting optimal activity for each 
enzyme. 

FIGURE 10 shows the pH /activity profiles of modified xylanases TrX-1 1 6G and TrX-1 18C, as 
compared to native TrX, over pH 4.5-7.0 at 50° C during 30-min incubation. The data are 
normalized to the pH exhibiting optimal activity for each enzyme. 

FIGURE 11 shows the maximum effective temperature (MET) and maximum effective pH 

(MEP) values of several of the modified enzymes of the present invention. The MET and 
MEP are the highest temperature and pH, respectively, at which a xylanase exhibits at 
least 80% of its optimal activity (using soluble birchwood xylan as a substrate; see 
method for complete details of assays). These data points were obtained from the data 
presented in Figures 3 to 10. 



Li 
hi 
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DESCRIPTION OF PREFERRED EMBODIMENT 

The present invention relates to xylanases. More specifically, the invention relates to 
xylanase andraodified xylanases with improved performance at conditions of high temperature 
and pH. 

The following description is of a preferred embodiment by way of example only and 
without limitation to the combination of features necessary for carrying the invention into effect. 

The mechanism by which xylanases facilitate bleaching of pulp is not fully understood. It 
has been postulated that the coloured lignin is connected to crystalline cellulose through xylan 
and xylanase enzymes facilitate bleaching of pulp by hydrolysing xylan, releasing coloured 
lignin in the pulp. Xylanases and modified xylanases, as outlined herein, may be used for the 
purposes of bleaching pulp or other applications requiring activities at temperatures and pH 
above that of the wild-type enzyme. For the biobleacbing of pulp, the preferred xylanase is 
derived from a xylanase classified in Family 11 (see Table 1), however, the modifications 
disclosed herein need not be limited to only Family 1 1 xylanases and may include other xylanase 
enzymes. Furthermore, the modifications as outlined herein may be found in native xylanase 
proteins, and these native xylanase enzymes may exhibit the desired features as described herein, 
and are included within the present invention. 

Family 1 1 xylanase enzymes are a group of small enzymes of relatively low molecular 
mass (approximately 20 kDa, and about 200 amino acid residues. The small size associated with 
Family 1 1 xylanases permits ready penetration of the pulp mass. Furthermore, Family 1 1 
xylanases are free of cellulase activity. 

One aspect of the present invention is directed to a modified Family 1 1 xylanase obtained 
from a Trichoderma sp. comprising at least one substituted amino acid residue, and characterized 
as having a maximum effective temperature (MET; see definition below) between about 69°C to 
about 84°C. Preferably, the modified xylanase is characterized as having a MET between about 
70° to about 80°C. This invention also includes a modified xylanase comprising at least one 
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substituted amino acid residue, and is characterized as having a maximum effective pH (MEP; 
see definition below) between about 5.8 to about 8.4. Preferably, the MEP is between about 6.0 
to about 8.0. 

This invention also pertains to a modified xylanase obtained from Trichoderma, 
comprising at least one substituted amino acid, and characterized as having a maximum effective 
temperature (MET) between about 69 °C to about 84 °C, and a maximum effective pH (MEP) 
between about 5.8 to about 8.4. Preferably the MET is between about 70°to about 80°C, and the 
MEP is between about 6.0 to about 8.0. 

This invention also pertains to a native family 1 1 xylanase characterized as having a 
maximum effective temperature (MET) between about 69°C to about 84°C, and a maximum 
effective pH (MEP) between about 5.8 to about 8.4. Preferably the MET is between about 70°to 
about 80°C, and the MEP is between about 6.0 to about 8.0. 

By "maximum effective temperature" or "MET" it is meant the highest temperature at 
which a xylanase exhibits at least 80% of its optimal activity. This test is typically carried out 
using soluble birchwood xylan as a substrate at pH 5.5 or 6.0, and for a 30 min period. Results 
from assays used to characterize modified xylanases are presented in Figures 3 to 8 and involved 
a 30-min incubation at pH 5.5 or 6.0. A summary of the MET of several enzymes of the present 
invention, determined from Figures 3 to 8 is presented in Figure 1 1 . Experiments demonstrate 
that the MET of a xylanase differs on different substrates. Therefore, it is to be understood that 
with different substrates, different MET values will be obtained (data not presented). For the 
purposes of evaluating xylanases of the present invention, the soluble birchwood xylan substrate 
is used (see example 3). 

By "maximum effective pH" or "MEP" it is meant the highest pH at which a xylanase 
exhibits at least 80% of its optimal activity. This test is carried out using soluble birchwood 
xylan as a substrate, at 65°C, and for a 30-min period. Results from assays used to characterize 
modified xylanases are presented in Figures 9 and 10 and involved a 30-min incubation at 65°C 
A summary of the MEP of several enzymes of the present invention is presented in Figure 11. 
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Experiments demonstrate that the MEP of a xylanase differs on different substrates. For 
example, on kraft pulp prepared from soft wood or hardwood, a MEP of 9.2 has been observed 
(data not presented). Therefore, it is to be understood that with different substrates, different 
MEP values will be obtained. For the purposes of evaluating xylanases of the present invention, 
the soluble birchwood xylan substrate is used (see example 4). 
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TABLE 1. Family 11 xylanase enzymes 





Xylan as e 


SEQ ID NO 






Xyn A 


SEQ ID NO: 1 


A cnnrOiJlll? nwQmQri *VQY kWWdChi 


XynB 


SEQ ID NO: 19 


>4 cnpr oillus kawachii 


XynC 




Asn&r&illus tubi&ensis 


Xyn A 


SEQ ID NO: 2 


Radllus circulans 


Xyn A 


SEQ ID NO: 3 


R/ifilhjit nuitiilus 


Xyn A 


SEQ ID NO: 4 


R/ifilliJs: vuhTlIis 


Xyn A 


SEQ ID NO: 5 


(~* £>llulrYmfYnaj£ iiTtii 


XynD 




Chainia spp- 


Xyn 








Xyn B 


SEQ CD NO: 6 




Xyn A 


SEQ ID NO: 7 




Xyn II 


SEQ ID NO: 18 




Xyn A 




l\QCClrUlOp±l± UUSiVftVitia 


Xyn II 




KumiftQCOCCUS jluvejUi^i^n^ 


Xyn A 


SEQ ID NO: 8 


&CrllZOpnyilT47fl cirnrfti+ftc 


Xyn 


SEQ ID NO: 9 


CV**^nfrt wi^v^c / fin y? 


XynB 


SEQ ID NO: 10 




XynC 


SEQ ID NO: 11 


otreptowiyces sp. lyes. 


Xyn 


SEQ ID NO: 12 




otrepiomyces tfiermvviuiui*vi** 


Xyn II 




Thermomonospora fusca 


Xyn A 


SEQ ID NO: 13 




Thermomyces lanuginosus 


Xyn 


SEQ ID NO: 20 


Trichoderma harzianum 


Xyn 


SEQ ED NO: 14 




Trichoderma reesei 


Xyn I 


SEQ ID NO: 15 


Trichoderma reesei 


Xyn II 


SEQ ID NO: 16 




Trichoderma viride 


Xyn 


SEQ ID NO: 17 
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Family 11 xylanases share extensive amino acid sequence similarity (Figure 1). Structural 
studies of several Family 1 1 xylanases indicate that Family 1 1 xylanases from bacterial and 
fungal origins share the same general molecular structure (U.S. 5,405,769; Arase et al 1993). In 
addition, most Family 1 1 xylanases identified so far exhibit three types of secondary structure, 
including beta-sheets, turns and a single alpha helix. The helix of Trichoderma reesei xylanase 
H enzyme encompasses the region from amino acid 151 to amino acid 162 (Torronen et. al. 
1995). 

A xylanase is classified as a Family 1 1 xylanase if it comprises amino acids common to 
other Family 1 1 xylanases, including two glutamic acid (E) residues which may serve as 
catalytic residues. The glutamic acid residues are found at positions 86 and 177 (see Figure 1; 
based on Tr2 (Jrichoderma reesei xylanase II enzyme) amino acid numbering). 

Most of the Family 1 1 xylanases identified thus far are mesophilic and have low- 
molecular masses (20 kDa). However, this family also includes at least two thermostable 
xylanases of higher molecular mass, Thermomonospora Jusca xylanase A (TfX-A) of 296 amino 
acids and a molecular mass of approximately 32 kDa (hrwin et. al., 1994); Wilson et al. 1994, 
WO 95/12668) and Clostridium stercorarium xylanase A of 51 1 amino acids and a molecular 
mass of approximately 56 Kda. The Clostridium stercorarium xylanase A enzyme exhibits 
maximum activity at a temperature of 70° C (Sakka et al.,1993). 

The large thermostable Family 11 xylanases differ from the small mesophilic enzymes by 
the possession of a hydrophobic cellulose-binding domain (CBD) in the extended C-terminus of 
the enzyme. The TfX-A enzyme is composed of a catalytic core sequence of 189 residues 
common to all Family 1 1 xylanases, and a cellulose binding domain of 107 residues. The larger 
C stercorarium xylanase A has 2 copies of the cellulose binding domain. 

Site-directed mutagenesis has been used in the present invention to produce mutations in 
xylanases which render the enzyme more thermophihc and alkalophilic compared to the native 
enzyme Preferably, the mutant xylanase is one derived from a Family 1 1 xylanase. More 
preferably, the mutant xylanase of the present invention comprises a mutant Trichoderma reesei 
xylanase n enzyme. 

Therefore, it is considered within the scope of the present invention that xylanases, 
including Family 1 1 xylanases for example but not limited to Trichoderma reesei xylanase n 
Trichoderma reesei xylanase I, Trichoderma viride xylanase, Streptomyces lividans xylanase B 
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and Strepiomyces lividans xylanase C, may be modified following the general approach and 
methodology as outlined herein. It is also considered within the scope of the present invention 
that non-Family 1 1 xylanases may also be modified following the general principles as described 
herein in order to obtain a xylanase enzyme that exhibits thermophilicity and alkalophilicity. 

By the term 'thermophilicity" it is meant that an enzyme is active, or more active, at a 
higher temperature when compared with the activity of another enzyme when all other 
conditions remain constant. For example, xylanase 1 exhibits increased thermophiUcity 
compared to xylanase 2 if xylanase 1 is capable of, or is more active in, hydroiysing xylan at a 
higher temperature than xylanase 2, under identical conditions using the same substrate. As most 
q xylanases are effective at a higher temperature when hydroiysing pure xylan rather than pulp, 

5 comparative analysis should be made using the same substrate. Quantitative measures of 

=f thermophilicity referred to herein use pure xylan substrates unless otherwise indicated. 

gj By "thermostability" it is meant the ability of an enzyme to be stored or incubated at high 

temperature conditions, typically in the absence of substrate, and then exhibit activity when 

f* returned to standard assay conditions. For example, xylanase 1 is said to display increased 

U thermostability compared to xylanase 2 if xylanase 1 retains a greater amount of activity than 

H= xylanase 2 after being maintained at a certain temperature (typically a higher temperature), for 

J example but not limited to, 70° C for 24 hours, followed by assay at a lower temperature. In 

□ contrast to thermophilicity, thermostability relates to the rernaining enzyme activity following an 

= incubation in the absence of substrate. 

These use of these two terms (thermophiUcity and thermostability) has been confused 
within the prior art as they have been used interchangeably. However, the use of the terms as 
denned herein is consistent with the usage of the terms in the art (Mathrani and Ahring, 1992). 

By "alkalophilicity" it is meant that an enzyme is active, or more active, at a higher pH 
when compared with the activity of another enzyme when all other conditions remain constant. 
For example, xylanase 1 exhibits increased alkalophilicity compared to xylanase 2 if xylanase 1 
is capable of hydroiysing xylan at a higher pH than xylanase 2. Typically alkalophilicity relates 
to enzyme activity in the presence of xylan substrate. 

By "broader range of effective pH". it is meant that an enzyme is active, or more active, 
at a higher ph, a lower pH, or both a higher and lower pH, when compared to the activity of 
another enzyme when all other conditions remain constant. For example, which is not to be 

16 



NOV-21-01 17:53 FROM-GGMG +61353698*^ T-573 P. 22/22 F-560 



G^^( 




considered limiting, xylanase 1 exhibits broader range of effective P H compared to xylanase 2, if 
xylanase 1 is capable of hydrolysing xylan over a pH of 5.5 - 8.0 at close to optimal (80%) 
activity, while xylanase 2 can only maintain 80% optimal activity at a narrower range of pH 5.5 
-7.5. 

By "TrX numbering" it is meant the numbering associated with the position of amino 
acids based on the amino acid sequence of TrX (Xyn II - Table 1; Tr2 - Figure 1; SEQ ID 
NO - 16) As disclosed below and as is evident upon review of Figure 1 . Family 1 1 xylanases 
exhibit a substantial degree of sequence similarity. Therefore, by aligning the amino acids to 
optimize the sequence similarity between xylanase enzymes and by using the ammo acid 
numbering of TrX as the basis for numbering, the positions of amino acids within other xylanase 
enzymes can be determined relative to TrX. 

By "expression efficiency", it is meant that the suitability or ease of active enzyme or 
enzymatic activity to be produced by the production host, and is typically calculated as quantity 
of active enzyme or enzymatic activity generated per unit volume of the fermentation culture 
when all fermentation conditions remain constant. For example, which is not to be considered 
limiting, xylanase 1 has improved expression efficiency compared to xylanase 2 if xylanase is 
produced 3-fold as much as xylanase 2 in a unit volume of culture by the same host. A non- 
limiting example of such a host is E. coli. 

By modified xylanase, it is meant the alteration of a xylanase molecule using techniques 
that are known to one of skill in the art. These techniques include, but are not limited to site 
directed mutagenesis, cassette mutagenesis, random mutagenesis, synthetic ohgonucleotide 
construction, cloning and other genetic engineering techniques. 

As described in more detail herein, several mutant xylanases have been prepared that 
exhibit increased thermophilic^ alkalophilicity and thermostability when compared to native 
xylanase. A list of several of mutants, which is not to be considered limiting m any manner, is 
presented in Table 2. 

Funhermore, the present is directed ,o a modified Family 1 1 xylanase, «" «^ ** 
no, a xylanase obtained from a MM. ma, comprise, a, le« -"J""-* 

Ino acid residue, and characterized as bavins a maximum erTecuve 

between about 69'C to about 84=C. Preferably, the modified xylanase .s charactered ashavmg 
aM^Tbetween about 70' to about 80°C. This invention also pertains to a modtfied xylanase. 
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for example but nto limited to a xyianase obtained from Trichoderma, comprising at least one 
substituted amino acid, and characterized as having a maximum effective P H (MEP) between 
about 5.8 to about 8.4. Preferably the MEP is between about 6.0 to about 8-0. This invention 
also pertains to a modified xyianase, for example but not limited to a xyianase obtained from 
Trichoderma, comprising at least one substituted amino acid, and characterized as having a 
maximum effective temperature (MET) between about 69°C to about 84°C, and a maximum 
effective P H (MEP) is between about 5.8 to about 8.4. Preferably the MET is between about 
70°to about 84 °C, and the MEP is between about 6.0 io about 8.0. 

Furthermore, the present invention also relates to a native family 1 1 xyianase 
characterized as having a maximum effective temperature (MET) between about 69°C to about 
84°C, and a maximum effective pH (MEP) between about 5.8 to about 8.4. Preferably the MET 
is between about 70°to about 80°C, and the MEP is between about 6.0 to about 8.0. 

Determination of the MET and MEP of a xyianase may be carried out as follows: 

i) measure the temperature profile of a xyianase as outlined in Example 3 . 
The temperatures for which at least 80% of the optimal (maximum) activity are 
determined, and the highest temperature is the MET; 

ii) measure the pH profile of a xyianase as outlined in Example 4. The pH 
for which at least 80% of the optimal (maximum) activity is determined, and the 
highest pH is the MEP. 

These values may then be plotted as shown in Figure 1 1 . 
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Table 2: Modified xylanases 





Xylan ase 


Description 




TrX-HML 


TrX with N 10H, Y27M, and N29L (see U.S. 5,759,840) 




1 rA-HJVU-- 1 U j K 


TrX N10H, Y27M, N29L and LiOSR 




rrA-HJVtU- / j /V- i loj*. 


TrX N10H, Y27M, N29L, S75A and L105R 




TrX-HML-75G- 1 05 K. 


TrVMlOH Y27M N29L S75G and L105R 




TrX-HML- GRAE 


Tr-YTsjinw V97M M20T S7SG LlOSR. Ol25A and I129E 




TrX-HML- AHAE 


TrX NIOH, Y27M, b/iA, J-IIO.H., ana ij^sn 




TrX-HML- AHAE-R 


vfintr vo*7Ayf moot Q7^a T lDSH 0125A H29E and 144R 


yy 


TrX-HML- AHAE-RR 


TrX NiOH, Y27M, N29J-, S75A, i-lObti, C^li^A, hj.v^ 9 *^*^» a*"* 


«0 






%=J 


TrX-U6G 


TrXD116G 


ffk 


TrX-U8C 


TrX YlloC 




TrX-HML-AHGAE-R 


TrX NIOH, Y27M, N29L, S75A, H05H, 0U6G, Q125A, I129E and 






H144R 




TrX-HML-AHCAE-R 


TrX N10H, Y27M, N29L, S75A, L105H, YU8C, Q125A, 1129E and 


ru 




tt l A A tl 

H144R 


jj s. 


TrX-H-l 1D-ML-AHAE-RR 


TrX N1QH, Nl ID, Y27M, N29L, S75A, L105H, Q12SA and I129E, 






H144RandQl6lR 




TrX-H-1 1D-ML-AHGAE-RR 


TrX NIOH, NUD, Y27M, N29L. S75A, L105H, DU6G, Q125A, 
I129E, H144R and Q161R 




TrX-H-l 1D-ML-AHCAE-RR 


TrX NIOH, NUD, Y27M, N29L, S75A, L105H, Yl 18C, Q125A, 
1129E, H144RandQl6lR 




TrX-H-1 ID-ML-AHCAE-RR 


TrX NIOH, NUD, Y27M.N29L, S75A, L105H, D116G, Y118C, 
Q125A.I129E, H144R and Q161R 



Substitution at position U, 1 16, 1 18, 144 or 161 does not significantly change the 
specific activity of the xylanase enzyme compared to thai of native xylanase (see Table 4, 
Example 2-3). 
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Improving the E x press ion Ffficiepey of Xvlanase 

The mutant xylanases 
TrX-H-llD-ML-7SAl05H-125A129E-144Rl6lR, (TrX H UD-ML-AHAE-RR); 
TrX-H-llD-ML-7SAl05H-l J 6G-125A129E-144R161R (TrX HI 1 D-ML- AHG AE-RR) ; and 
TrX-H-UD-ML-7SAl05H-l 18C-125A129E-144R161R (TrX HI 1 D-ML- AHC AE-RR), 
all bearing the mutation of Nl ID, have consistently been expressed and produce from about 2.5 
top about 4.3 fold as much protein than their precursors without this mutation (see Table 5, 
Example 2-4). These results suggested that this mutation improves the yield of the production of 
xylanases, an important factor in any production in industrial scale. This improvement in 
expression efficiency of xylanase is achieved without any decrease of thermopbilicity and 
alkalophiliciry of the xylanase. 

Increasing the Thermophilicuy of Xvlanase 

The mutation of position 144 to Arg has improved the enzymatic activity of mutant 
xylanase TrX-HML-75Al05H-12SA129£-144R (TrX-HML-AHAE-R) in the hydrolysis of 
xylan at higher temperatures (Figure 3), when compared to the precursor xylanase TrX-HML- 
7SA105H-125A129E that lacks this mutation. Therefore, the present invention provides a native 
or a modified xylanase comprising a basic amino acid, for example but not limited to Arg, at 
position 144. Preferably the native or modified xylanase with the basic amino acid at position 
144 exhibits a MET between about 69°C to about 84 "C. 

Two mutations at positions 116 and 1 18 to Gly and Cys, respectively, also demonstrate 
improved activity of xylanase at high temperatures. Compared to native TrX, the single point 
mutants TrX-Xl6G and TrX-lX8C exhibit greater activity at higher temperatures (Figure 4), with 
a temperature optimum at 55°C, v. 50°C exhibited by native TrX. 

The same enhancement in thermophilicity by these two mutations (116 and 118 to Gly 
and Cys, respectively) is also observed in: 

TrX-HML-75Ai05H-l J6G-125A129E-144R (TrX-HML-AHCAE-R); and 
TrX-HML-75Al05H-l X8C-1 25A129E-1 44R (TrX-HML- AH C AE-R), 

when compared to the precursor xylanase, TrX-HML-75Al05H-125Al29E-144R (TrX-HML- 
AHAE-R) at pH 5.5 (see Figure 5, 1 16G mutant) and pH 6.0 (Figures 6 and 7). 
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The improvement in thermophilicity by the mutations at position 116 to a small non-polar 
residue is unexpected as a majority of the natural xylanases including the thermophilic xylanases 
Cfor example, Tf, Tl, Cs, Figure 1) possess negatively charged amino acids, aspartic acid (D, 
66%, Figure 1) and glutamic acid (E, 10%, Figure 1), or a polar, uncharged amino acid 
glutamine (Q, 15%, Figure 1) at this position. No known xylanases possess a Gly at position 
1 16. Therefore, the present invention also pertains to a native or a modified xylanase comprising 
a non-polar amino acid, for example hut not limited to Gly, at position 116. Preferably the native 
or modified xylanase with the non-polar amino acid at position 116 exhibits a MET between 
about 69°C to about 84°C. 

The improvement of thermophihcity based on the mutation at position 118 to cysteine is 

□ also unexpected, as most xylanases including the thermophilic xylanases (Tf, Tl, Cs, Figure 1) 
f possess a tyrosine (Y, 60%, Figure I) and trytophan (W, 10%, Figure 1). The only xylanases 
S possessing Cysteine at position 1 1 S are among the mesophilic Aspergillus niger, Aspergillus 

□ kawakii and Aspergillus tubigensis (Figure 1), with temperature optimum of these xylanases 

?* around 45-55°C (Sunna and Antranikian, 1997). Therefore, the present invention also pertains to 

j=! a modified xylanase comprising a non-aromatic hydrophobic amino acid, for example but not 

r limited to Cys at position 1 1 8, and to a native xylanase comprising a non-aromatic hydrophobic 

^ amino acid at position 1 1 8, providing that the native xylanase exhibits a MET between about 

J 69°C to about 84°C. 

3 Another mutation at position 1 1 to Asp also benefits therraophilicity of xylanase. Mutant 

"* TrX-H-XlD-ML-75Al05H-l25A129E-144R16lR (Trx-Hl 1 D-ML- AHAE-RR) exhibits greater 

activity at higher temperatures, as compared to the precursor TrX-HML-75Al05H-125Al29E- 
144 (TrX-HML-AHAE; Figure 8). This result is also unexpected since (Turenen et. al. (2001) 
reported that the same Nl ID mutation lowered the temperature optima and range in a TrX 
mutant containing an intramolecular disulfide bond. Furthermore, US 5,759,840 discloses that 
the 1 ID mutation has no effect on thermophihcity of TrX-H-1 1 D-ML (mutant termed NI-TX12). 
Therefore, the present invention also pertains to a native or a modified xylanase comprising an 
acidic amino acid, for example but not limited to Asp, at position 1 18, providing that the native 
or modified xylanase exhibits a MET between about 69°C to about 84°C. 

Furthermore, mutations identified above can be combined to create mutant xylanases 
with greater thermophihcity, even at higher pH range. The combination mutants xylanases based 
on triple mutations N 1 ID/ Dl 16G/144R or Nl 1D/Y1 18C/144R, namely: 
TrX-H-llB-ML-75A105H-Xl6C-l2SA129E-l44Rl6lR (TrX-Hl I D-ML- AHGAE-RR); and 
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TrX-H-HD-ML-75Al05H-U8C-125Al29E-l44Rl 61R (Trx-HUD-ML-AHCAE RR), 
exhibited a maximum enzymatic activity at higher temperature of 70-75°C and further showed 
significant enzymatic activity at 80°C at pH 5.5 (Figure 5, only 1 16G mutant) and pH 6.0 
(Figures 6 and 7). These results suggest the effects of the mutations D116G or Y118C with 
Nl ID and H144R on the thermophilicity of the mutant xylanase are complementary. Therefore, 
the present invention relates to a native or a modified xylanase comprising an acidic amino acid 
at position 1 1 , a non-polar amino acid at position 116, and a basic amino acid at position 144, for 
example but not limited to Nl ID/ Dl 16G/144R, or an acidic amino acid at position 1 1 , a non- 
aromaric hydrophobic amino acid at position 1 1 8, and a basic amino acid at position at position 
1 14, for example but not limited to Nl 1D/Y1 1SC/144R. Preferably the native or modified 
xylanase comprising an acidic amino acid at position 1 1, a non-polar amino acid at position 116, 
and a basic amino acid at position 144, or the xylanase comprising an acidic amino acid at 
position 1 1 , a non-aromatic hydrophobic amino acid at position 118, and a basic amino acid at 
position at position 1 14, exhibits a MET between about 69°C to about 84°C. 

In addition to achieve optimal activity at higher temperatures, the mutant xylanases based 
on the present invention, for example: 

TrX-H-UD-ML-75Al05H-116G-l25A129E-l44R161R (TrX-Hl 1D-ML-AHGAE-RR); and 
TrX-H-llD-ML-75A105H-U8C-125Al29E-144Rl61R (TrX-Hl 1D-ML-AHCAE-RR), 
(Figures 5 and 6), also demonstrate higher enzymatic activity (detected as greater xylose release) 
at their temperature optima. Both TrX-Hl ID-ML-AHGAE-RR and TrX-Hl I D-ML-AHCAE-RR 
exhibit about 600% activity at their temperature optima, than the activity observed at 40°C. This 
compared with the precursor, modified xylanase TrX-HML-75Al05H-l 25A129E, which 
exhibits about 400% activity at its temperature optima, versus its activity at 40°C, and natural 
TrX (150% of its activity at its optimal temperature, v. value at 40°C). 

This invention therefore includes a modified xylanase comprising a His at positions 10 
and 105, a Met at position 27, a Leu at position 29, an Ala at positions 75 and 125, a Glu at 
position 129, and at least one of: 

• an acidic amino acid at positions 1 1 ; 

• a small non-polar amino acid at position 116; 

a medium-size non-aromatic hydrophobic amino acid at position 1 1 8; and 

• a basic amino acid at position 144 
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Preferably, the amino acid at postion U is Asp (D), the amino acid at position 116 is Gly (G), the 
amino acid at positionll8 is Cys (C), and the amino acid at position 144 is selected from the 
group consisting of Lys (L), and Arg (R). 

Increasing the Alkalophilicitv o f Xvlanase 

The effect of pH conditions on the enzymatic activity by the mutation Q161R in the 
mutant xylanase TrX-HML-7SAl05ri-l25Al29E-l44Rl6lR (TrX-HML-AHAE-RR), is shown 
in Figure 9. Compared to its precursors TrX-HML-7SAl05H-l25Al29E and TrX-HML- 
75A105H-1 25A129B-144R (not shown). These latter en2ymes have identical pH/activity 
profiles, however, the mutant xylanase TrX-HML-75Al05H-125Al29E-144Rl6lR (TrX-HML- 
AHAE-RR) exhibits a greater activity at higher pji ranges of about 6.5 to about 8.0. TrX-HML- 
AHAE-RR also exhibits lower activity at lower pHs of about 5.0 to about 6.0, when compared to 
precursors without this mutation. Therefore, the present invention relates to a native or a 
modified xylanase comprising a basic amino acid, for example but not limited to Arg, at position 
161. Preferably the native or modified xylanase with the basic amino acid at position 161 
exhibits a MEP between about 5.8 to about 8.4. 

The mutations at positions 11 6 and 118 to Gly and Cys, respectively, also improve 
enzymatic activity at higher pH ranges. Compared to native TrX, the single mutants TrX-ll6G 
and TrX-1 18C have greater activity at higher pH as shown in Figure 10. 

The improvement by the mutation at positions 1 16 to a small non-polar residue to 
improve alkalophilicity is unexpected as no natural possess a Gly at position 116. Therefore, the 
present invention provides a native or a modified xylanase comprising a non-polar amino acid, 
for example but not limited to Gly, at position 116. Preferably the native or modified xylanase 
with the non-polar amino acid at position 116 exhibits a MEP between about 5.8 to about 8.4. 

The improvement of thermophilicity based on the mutation at position 1 18 to cysteine is 
also unexpected, as most xylanases including the alkaiophilic xylanase (for example, Tf, Bp, see 
Figure I) possess a tyrosine (Y, 60%, Figure I) and trytophan (W, 10%, Figure 1). The only 
xylanases possessing cysteine at position 118 are among the acidophilic Aspergillus niger, 
Aspergillus kawakii and. Aspergillus jubigensis (Figure 1), with pH optimum of these xylanases 
around 2-4 (Sunna and Antrarukian, 1997; Kinoshita et al 1995). Therefore, the present 
invention embraces a native or a modified xylanase comprising a non-aromatic hydrophobic 
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amino acid, for example but not limited to Cys, at position 1 1 8. Preferably the native or 
modified xylanase with the non-aromatic hydrophobic amino acid at position 1 1 8 exhibits a 
MEP between about 5.8 to about 8.4. 

An enhancing effect in alkalophilicity of xylanase, by the mutations Dl 16G and Yl 18C, 
is also observed in the mutants: 

TrX-HML-75Al05H-XX6G-125Al29E-144R (TrX-HML-AHGAE-R); and 
TrX-HML-75 Al 05H-1 1 8C-125 Al 29E-1 44R (TtX-HML-AHCAE-R), 
(Figure 9), when compared to the precursor xylanases TrX-HML-75A10SH- 12SA129E-144R 
and TrX-HML-75Al05H-l25Al29E. While both mutants demonstrated higher activity at pH 
from about 6.5 to about 8.0, only the mutant TrX-HML-7SAl05H-ll6G-125Ai29E-144R (TrX- 
HML-AHGAE-R) retains substantially optimal activity at the lower pH of about 5.0 to about 6.0. 
This maintenance of high activity at pH of about 5.0 to about 8.0 represents a broadening of the 
optimal pH range by this mutation at position 116. 

Mutations identified above have been combined to create mutant xylanases with greater 
alkalophilicity and thermopbilicity. The combination mutants xylanases based on quadriple 
mutations Nl 1D/DI 16G/H144R/Q1 61R or Nl 1D/Y1 1 8C/144R/Q161R, namely: 
TrX-H-XlD-ML-75Al05H-ll6G-l25Al29E-l44RX61R(TrX-HllP-ML-AHGAE-RR; Figure 

9); and 

TrX-H-lXD-ML-7SAl05H-XX8C-l25Al29E-144R16XR (TrX-Hl ID-ML-AHCAE-RR; not 
shown), 

exhibit close to maximum enzymatic activity at pH from about 5.0 to about 7.0, as compared to 
their precursors. Furthermore the presence of the mutation Dl 16G helps the retaining of 
substantially maximal activity at lower pH range of about 5.0 to about 6.0, thus avoiding the 
significant loss of activity at low pH observed in precursor TrX-HML-75A105H-l25Al29E- 
144R16XR (Figure 9). This result further confirmed the broadening of the optimal pH range by 
this mutation at position 116. Therefore, the present invention relates to a native or a modified 
xylanase comprising an acidic amino acid at position 11 , a non-polar amino acid at position 1 16, 
and a basic amino acid at position 1 14, for example but not limited to Nl ID/ Dl 16G/144R, or an 
acidic amino acid at position 11, a non-aromatic hydrophobic amino acid at position 118, and a 
basic amino acid at position at position 1 14, for example but not limited to Nl IDA' 1 1 8C/144R. 
Preferably the native or modified xylanase comprising an acidic amino acid at position 1 1, a non- 
polar amino acid at position 116, and a basic amino acid at position 1 14, or the xylanase 
comprising an acidic amino acid at position 1 1, a non-aroraaric hydrophobic amino acid at 
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position 1 18, and a basic amino acid at position at position 114 a MEP between about 5,8 to 



about 8.4. 



This invention also provides a modified xylanase comprising a His at positions 10 and 
105, a Met at position 27, a Leu at position 29, an Ala at positions 75 and 125, a Glu at position 
129, and at least one of: 

o an acidic amino acid at position 11; 

o a small non-polar amino acid at position 116; 

q a medium-size non-aromatic hydrophobic amino acid at position 118; 

^ o a basic amino acid at position 161 . 

Preferably, the amino acid at postion 1 1 is Asp, the amino acid at position 1 16 is Gly, the 
£ amino acid at positionl 18 is Cys, the amino acid at position 161 is selected from the group 

Sj consisting of Lys, and Arg. 

"f In summary, improved alkalophilic mutant TrX xylanases may be constructed through: 

L i) mutation of Asp 1 16 to a small non-polar residue, for example, but not limited to Gly; 

M ii) mutation of Tyr 11 8 to a medium-size, non-aromatic hydrophobic residue such as but not 

Pf 3 limited to Cys; 

« iii) mutation of Glen 1 61 to a basic amino acid Arg or Lys; 

p iv) combination of mutations described in i) with those described in ii) to iii) for the 

improvement of thermophilicity and aikalophilicity; or 
v) combination of mutations described in i) to iv), above, with the HML series of 

mutations as described above (see U.S. 5,759,840 which is incorporated herein by 
refrence for HML mutations). 

The above description is not intended to limit the claimed invention in any manner, 
furthermore, the discussed combination of features might not be absolutely necessary for the 
inventive solution. 

Examples 
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The present invention will be further illustrated in the following examples. However, it is 
hat these examples are for illustrative purposes only, and should not be used to 
limit the scope of the present invention in any manner. 



= 

si; 



to be uudci'siOGd tnu; 



EXAMPLE 1: Construction of Trichoderma reesei mutant xylanases 

Basic recombinant DNA methods like plasmid preparation, restriction enzyme digestion, 
polymerase chain reaction, oligonucleotide phosphorylation, ligation, transformation and DNA 
hybridization were performed according to well-established protocols familiar to those skilled in 
the art (e.g. Sung et al., 1986) or as recommended by the manufacturer of the enzymes or kit. 
The buffers for many enzymes have been supplied as part of a kit or made according to the 
manufacturer's instructions. Restriction enzymes, T4 polynucleotide kinase and T4 DNA ligase 
were purchased from New England BioLabs Ltd, Mississauga, Oni. GeiieArap PCR reagent kit 
was purchased from Perkin-Elmer. A precursor plasmid pXYbc, which is a pUC type plasmid 
with a Bacillus circulans xylanase gene inserted, has previously been prepared and published 
(Sung ei al, 1993; Campbell et al., U.S. Pat. No. 5,405,769). A commonly used £. coli strain, 
HB101 (Clonetech Lab, Palo Alto, CA) was used as a transformation and expression host for ail 
gene constructs. Bfrchwood xylan and Remazol Brilliant Blue R-D-Xylan were purchased from 
Sigma (St. Louis, Mo). Hydroxybenzoic acid hydrazide (HBAH) was purchased from Aldrich. 
Oligonucleotides were prepared with an APPLIED BIOSYSTEM DNA synthesizer (model 
380B). All xylanase enzymatic assays were performed in a covered circulating water bath 
(Haake type F 4391) and maintained within a temperature range of ± 0.1° C. 

1-1 : Construction nf precursor plasmid pTrX harbourin g sy nthetic TrX (SE P TP NO: 39) 

The precursor plasmid pTrX for mutations disclosed below has been previously 
published (Sung et al, 1995). This plasmid is derived from a P UC119 plasmid with a synthetic 
nucleotide sequence encoding a Trichoderma reesei xylanase (TrX; Figure 2). Expression of this 
xylanase and other mutant xylanases subsequently described are under the control of the lac Z 
promoter of the pUC plasmid. The total assembly of the Trichoderma xylanase gene required 
two stages, initially for the (92-190; Tr2 numbering) region, then followed by the (1-92; Tr2 
numbering) region. The protocol for the construction of this gene is routine and identical to the 
standard published procedure for many other genes. The protocol requires enzymatic 
phosphorylation of overlapping synthetic oligonucleotides which encodes a xylanase. This is 
followed by their ligation into an appropriately cut plasmid. 



26 



NOV-2 1-2001 16:20 FROM-Gowl ings Fax 3 



T-961 P. 032/086 F-781 



For the construction of TrX (92-190), ten overlapping oligonucleotides (see Figure 2): 

XyTv-101, SEQIDNO:29; 

XyTv-1 02, SEQ ID NO:30; 

TrX-103, SEQIDNO:3l; 

XyTv-1 04, SEQ IP NO:32; 

XyTv-105, SEQ ID NO:33; 

XyTv-106, SEQIDNO:38; 

XyTv-107, SEQlDNO:37; 

TrX- 108, SEQ ID NO:36; 

XyTv-1 09, SEQ ID NO:35; and 

XyTv-1 10, SEQIDNO:34 

were designed with codon usage frequency imitating that of E. coli. The Sail and BglJI cohesive 
ends of two terminal oligonucleotides enabled the enzymatic ligation of the ten fragments into 
the linearized plasmid pXYbc. The ten oligonucleotides (50 pmol, 1 j^L for each) encoding the 
TrX(92-190) region of Trichoderma xylanase were phosphorylated in a mixture containing 10X 
standard kinase buffer (0.4 uL), 1 mM ATP (4 uL), T4 DNA kinase (5 units), and water (3 uL). 
Phosphorylation reactions were carried out for 1 h at 37° C- The solutions were then combined 
and heated to 70° C for 10 min. After being cooled slowly to room temperature, the combined 
solutions were added to a mixture of 4 mM ATP (3.5 uL), EcoRl-Hindin linearized plasmid 
pUCl 19 (0.1 pmol), and T4 DNA ligase (3.5 uL) and incubated at 12°C for 20 h. Aliquots of the 
ligation mixture were used to transform E. coli HB101 on YT plates (8 g yeast extract, 5 g bacto- 
tryptone, 5 g NaCl, 15 g of agar in 1 L of water) containing ampicillin (100 rag/L). 

For the preparation of a hybridization probe, one of the oligonucleotides, for example 
XyTv-1 10 (1 0 pmol, I uL) was phosphorylated with 32 P-ATP (10 pmol, 3 uL) using T4 DNA 
kinase (1 pL), 10X kinase buffer (1 uL), and water (4 uL) at 37° C for 1 h. 

Transformams were selected randomly for hybridization analysis. Colonies were grown 
on YT plates with ampicillin overnight, and transferred onto nylon filters. They were then 
denatured with 0.5N NaOH - 1 .5M NaCl (10 rain) and neutralized with 0.5N Tris-HCl ( P H 7.0) - 
1 .5M NaCl (10 min). After ultraviolet irradiation at 254 nm for 8 min, the filters were washed 
with 6X SSC - 0.05% Triton X-100 for 30 min. Cell debris was scraped off completely. After 
another 30 min. in fresh solution, duplicate filters were transferred individually into separate 
mixtures of 6X SSC - 1% dextran sulphate - 0.05% TritonX-lOO - XX Denhardt's hybridization 
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fluid. The 32 P-labelied probe was added to the filter. After 16 h at 45° C, the filler was washed 
Twice wiih 6X 53C - 0.05% TriionX-lOO at room temperature for 5 min. and then at 65° C for 30 
min. Positively hybridized clones with the intermediate plasmid pBcX-TrX were identified by 
auto-radio graphic analysis. 

The above protocol, involving enzymatic phosphorylation of synthetic overlapping 
oligonucleotides and ligation into a linearized plasmid, was employed in the assembly of the 
TrX(l-92) region and in the cassette mutagenesis for the subsequent generation of other mutant 
xylanases described in this invention. 

For the assembly of the TrX(l-92; Tr2 numbering) region to complete the full-length 
Trichoderma reesei xylanse II gene (TrX), the intermediate plasmid pBcX-TrX was linearized 
by Nhel and Kpnl endonucleases to release the DNA insert for BcX(l-83). With Nhel and Kpnl 
cohesive ends, eight overlapping oligonucleotides: 



TrX-1, 


SEQ ID NO: 21; 


XyTv-2, 


SEQ ID NO:22; 


TrX-3, 


SEQIDNO-.23; 


XyTv-4, 


SEQ ID NO:24; ' 


XyTv-5, 


SEQ ID NO:28; 


TrX-6, 


SEQ ID NO:27; 


XyTv-7, 


SEQ ID NO:26; and 


TrX-8 


SEQ ID NO:25, 



encoding the TrX(l-9l) sequence were ligated into the linearized plasmid pBcX-TrX (Figure 2), 
via the protocol described above. The new plasmid pTrX therefore harbored a synthetic TrX 
gene (SEQ ID NO:39). 

All mutant xylanase genes described below have been constructed via the method of 
cassette mutagenesis. The protocol for cassette mutagenesis was identical to that described for 
gene assembly described above. Generally, cassette mutagenesis involved (i) enzymatic 
phosphorylation of overlapping synthetic oligonucleotides, (ii) ligation of synthetic 
oligonucleotides with a linearized plasmid, (hi) transformation of the plasmid into E. coli 
HB101 competent cells, (iv) identification of mutant transformants via hybridization with the 
labelled oligonucleotide, and (v) confirmation of the mutation through dideoxy nucleotide 
sequencing. 
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1-2: Construction of the precursor nlasnaid . pTrX-HM L 

The construction of this precursor plasmid pTrX-HML has been described in detail in 
U.S. Pat. No. 5,759,840 (see Example IN, herein incorporated by reference; plasmid termed 
pNI-TX13). TrX-HML comprises the native TrX xylanase, along with three mutations at N10H 
(Asn at position 10 is replaced with His), Y27M and N29L. The first thirty amino acids of the 
sequence comprising NIOH, Y27M and N29L are shown below. 

TrX 1 2 3 4 5 6 7 8 

amino acid Q T I Q P G T G 

5' - CT AGC TAA GGA GG CTG CAG ATG CAA ACA ATA CAA CCA GGA ACC GGT 
3 • -G ATT CCT CC GAC GTC TAC GTT TGT TAT GTT GGT CCT TGG 

CCA 

Nhel PinAl 

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
YHNGYFYSYWNPGHGG 

TAC CAC AAC GGT TAC TTT TAC AGC TAT TGG AAC GAT GGC CAT GGA GGC 
ATG GTG TTG CCA ATG AAA ATG TCG ATA ACC TTG CTA CCG GTA CCT CCG 

25 26 27 28 29 30 
V T M T L G 

GTC ACA ATG ACT CTG GGG 
CAG TGT TAC TGA GAC CCC 

1-3: Construction of the deletion pl asmid pTrX-HML-d-1 13) 

Plasmid pT rX-HML-(l-il3) comprises the amino acid sequence 1-113 of TrX (SEQ ID 
NO:39) and cannot express an active xylanase. Such transformants are confirmed by the absence 
of a clearing zone or halo around the transformant colonies on blue xylan plates. 

The new plasmid was constructed via (i) the removal of the TrX(l 14-190) coding 
sequence of pTrX-HML through cutting with restriction enzymes BamHI and BglH, (ii) ligation 
of the identical cohesive ends of the linearized plasmid, (iii) transformation into the E. coli 
HB101 competent cells followed by platting on YT plate (containing 5 g yeast extract, 3 g bacto- 
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tryptone, 5 g NaCl, 15 g of agar in 1 L of water, 1 g Remazol Brilliant Blue R-D-xylan) and 
aropiciiUn (iCG uig/L), (iv) identification of the mutant transformants through the loss of 
xylanase activity (absence of a clearing zone or halo around the colonies on the blue xyian piaic 
overnight at 40°C), and (v) confirmation of the mutation through dideoxy nucleotide sequencing. 
The protocol for each of these steps was similar to that for gene assembly described above. 

1_4: Construction of the plasmid pT rX-HlvrL-105R 

Mutant xylanase P TrX-HML-105R is similar to TrX-HML except that Leu at position 
105 is replaced by Arg (L105R). 

PGR was used to generate a DNA fragment encoding (100-190) region with the L105R 
mutation. The PCK primers with mutation (in bold type) in the construction of pTrX-HML-lOSR 



*0 is shown below: 
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TX-105R-1 (SEQ ID NO: 44) 
IOC 1C1 102 103 104 105 106 107 108 109 110 111 112 113 
TGATKRGEVTSDGS 

5'-ACC GGC GCC ACA AAA AGA GGC GAA GTC ACT AGT GAT GGA TCC 

KasI 

Reverse PCR primer TX-C1 comprised: 
TX-C1 (SEQ ID NO: 42) 
183 184 185 186 187 188 189 190 ner 

GSASITVS 
CCA AGG CGA TCA TAA TGT CAC TCG ATT TCT AGA ACT TCG AAC CC-5' 

Bgll Hindi I I 

The appropriate PCR template and primers, and the restriction enzymes to cut the end of 
the PCR products are listed below (Table 3-1). 



Table 3-1 


PCR 


PCR upstream 


PCR reverse 


PCR 


Restriction 


product 


primer 


Primer 


template 


enzymes for PCR 










product 


(a) 


TX-10SR-1 


TX-Cl 


pTrX 


Kasl/Hindni 



The cut PCR product (a) (Table 3-1 ) was ligated into a Kasl^indm-linearized plasmid 
pTrX-HML(l-U3) to generate plasmid pTrX-HML-lOSR. 

i.g. rwtm ^nii of theplasmids pTrX-HM J ~7S A10SR and nTrX-HML-75GlQ5R 

Xyianase mutants TrX-HML-75A-l 05R and TrX-HML-7SG-i05R are similar to TrX-HML- 
105R, with the exception of an additional single mutation S75A or S75G respectively. 

The PCR primers with mutations S75A (TX-75A-1; SEQ ID NO: 40) and S75G (TX75- 
G-l; SEQ ID NO: 46) are shown below. 
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TX-75A-1 (SKQ ID NO: 40) 
69 70 71 72 73 74 75 76 77 78 79 80 81 
NGNSYLAVYGWSR 
5'-T GG G AAT TCA TAC TTA GCC GTC TAT GGC TGG TCT AG 
EcoRl 

TX-75G-1 (SEQ ID NO:46) 
69 70 71 72 73 74 75 76 77 78 79 80 81 
NGNSYLGVYGWSR 
5--T GG G AAT TCA TAC TTA GGC GTC TAT GGC TGG TCT AG 
EcoRI 

The appropriate PCR template and primers, and the restriction enzymes to cut the end of 
the PCR products are listed below (Table 3-2). 

Table 3-2 

PCR PCR upstream PCR reverse PCR Restriction 
product primer Primer template enzymes for PCR 

product 

"(b) TX-75A-1 TX-C1 pTrX-HML- BcoRV Hindlll 

105R 

(c) TX-75G-1 TX-C1 pTrX-HML- EcoRI/ HindHI 

105R 



The EcoRI/HindIII-cui PCR products (b) and (c) (see Table 3-2) were prepared and 
Ugated into EcoRT/HindlH-linearized P TrX-HML(l-l 13) plasmid to generate piasmids pTrX- 
HML-75A-105R and P TrX-HML-75G-10SR respectively. 

I.*, rnn^^ti^n nf the plasmid pTrX-HMI -7SrTl05R-12SA129E 

The mutant TrX-HML-75G-105R-125A129E was identical to TrX-HML-75G-105R, 
with the exception of the additional mutations Q125A and I129E. 
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The intact mutant xylanase gene was assembled via the ligation of two DNA sequences 
encoding the i-121 and The 122-190 regions. The DNA sequecence encoding the 1-121 region 
was isolated through the deletion of plasmid P TrX-HML-75G-l05R with restriction nucleases 

listed below (Table 3-3). 

Table 3-3 

Deletion sequence Precursor plasmid Restriction enzymes 



(A) pTrX-HML-75G-105R NheJ/MluI 



The DNA sequence encoding the 122-190 region was a PCR product (d) by a primer 

□ encoding the mutations as shown below. 

^ TX-125A129B-1 (SEQ ID NO: 49) 

q 120 121 122 123 124 125 126 127 128 129 130 131 132 133 

[It qrVNAPSIEGTAT 

'^J 5 ' -C CAA CGC GT T AAT GCG CCA TCG ATC GAG GGA ACC GCC ACC 

T Mlul 



The appropriate PCR template and primers, and the restriction enzymes to cut the end of 
the PCR product, are listed below (Table 3-4). 



Table 3-4 



PCR 


PCR upstream 


PCR reverse 


PCR template 


Restriction enzymes 


product 


primer 


primer 




for PCR product 


(d) 


TX-125A129E- 
1 


TX-C1 


pTrX 


Mlul/ Hindni 



The cut PCR product (d) and the deletion sequence (A) were ligated to the Nhel/HindlU- 
Unearized plasmid pTrX-(l-U3) to generate the plasmid P TrX-HML-75Q-l05R-l25Al29E. 

1-7: Ponsmiciion of the plasmid p TrX-HM L-7SA105H-l2SAl29E 

The intact mutant gene was assembled via the ligation of two DNA sequences encoding 
the 1-101 and the 102-190 regions. 
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For the pieparaiicn cf the DNA sequence encoding the 1-1 Ol region, restriction nucleases 
for the deletion of the appropriate plasmid are listed below (Table 3-5). 

Table 3-5 



Deletion sequence 


Precursor plasmid 


Restriction enzymes 


(B) 


P TrX-HML-75A-l05R 


Nhel/ KasI 



For the preparation of the DNA sequence encoding the 102-1 90 region, polymerase chain 
reaction was used with primer TX-105H-1 . 

TX-105H-1 (SEQ ID NO:4X) 
100 101 102 103 104 105 106 107 108 109 110 111 112 113 
TGATKHGEVTSDGS 

5 ' - ACC GGC GCC ACA AAA CAC GGC GAA GTC ACT AGT GAT GGA TCC 
KasI 

The appropriate PCR primers with mutations at position- 105 and the restriction enzymes to cut 
the end of the PCR product are listed below (Table 3-6), 

Table 3-6: Plasmid pTrX-HML-75G-l0SR-125A129E as PCR template. 

PCR PCR upstream PCR reverse primer Restriction enzymes for PCR 

product primer product 



(e) TX-105H-1 TX-Ci Kasl/Hindlll 



The cut PCR product (e) and the deletion sequence (B) were ligated to the Nhel/Hindlll- 
linearized plasmid pTrX-(i-113) to generate the plasmid pTrX-HML-75A-l05H-l25A129E. 

Construction of the deletion plasmid pT rX-de!(43-53) 

A plasmid pTrX-del(43-53) encoding an inactive xylanase with the (43-53) region 
deleted >was constructed via restriction cutting of the plasmid pTrX at the BspEI site at residue 
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43 and the Xmal site av residue-53 and self-ligation of the identical ends. After transformation, 
the correct clones wci e identified Through non-expressing of xylanase or absence of halo or 
clearing zone in blue xylan-containing YT plates. 

1-3: Construction of the deletion plasmids pTrX-delH 23-144) and P TrX-HMl-7SAl05H- 
de1fl23-144) 

Two plasmids containing partially deleted xylanase gene, were constructed via a PCR 
reacTion with a new primer encoding The deletion of the (123-144) region. 

PCR oligonucleotide primers: 

2 TX-del<123-X44) -lr (SJ2Q ID NO:43) 

*S 148 147 146 145 122 121 120 119 118 117 116 115 

□ GSSR RQTRYIDY 

P = 5' -C G GA GCT C CG AC GCG T TG GGT ACG GTA GAT ATC ATA 

J= SacI Mlul 

H- TX-Nl (SEQ ID NO: 45) 

fy - 1 2 3 4 5 6 7 

£ QTIQPGT 

P 5 ' - CT AGC TAA GGA GG CTG CAG ATG CAA ACA ATA CAA CCA GGA A 
Nhel PstI 

Table 3-7: PCR template with TX-del(123-144Mr an d TX-Nl as primer 

PCR PCR template Restriction enzymes for PCR 

product product 

If) pfrX " PsS/SacI 

(g) pTrX-HMl--75Al05H-l25Al29E Ps tlV SacI 

Ligation of the cut PCR fragments (f) and (g) to the Pstl/Sacl-Unearized plasmid pTrX 
and transformation to yield the correct clones harboring the deletion plasmids P TrX-del(l23- 
144) and P TrX-HML-75Al05H-del(123-l44) respectively, that were identified through non- 
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expressing of xylanase and absence of halo or clearing zone in the blue xylan-containiug YT 
plates. 

X-10: PAmrmction of plasmid D T rX-HML-7SAl0SH-125Al29g-144R 

The new mutant P TrX-HML-75Al05H-l25Al29E-144R differs from the precursor 
P TrX-HML-75Al0SH-125Al29E by an additional mutation H144R. A new PCR reverse primer 
was used to create this mutation. 

TX-144R-lr ISEQ NO:47) 
159 158 157 156 155 154 153 152 151 150 149 148 147 146 145 
X44 143 142 

WANFHNATNVSGSSR 
R N R 5' -CC A TGC AT T AAA GTG ATT CGC AGT ATT AAC CGA ACC GGA 
GCT CCG ACG ATT ACG 

Nsil 



141 140 139 138 
R V S W 
TCT AAC ACT CCA 



The appropriate PCR template and primers, and the restriction enzymes to cut the end of the 
PCR product which is the 1-146 sequence, are listed below (Table 3-8). 



Table 3-8 



PCR 
product 


Upstream 
primer 


Downstream 
primer 


Template 


Restriction 
cut 


GO 


TX-N1 


TX-144R-U 


P TrX-HML-75Al 05H- 
125A129E 


PstI/ NsiT 



The Pstl/Nsil-cui PCR fragment (h) was ligated to the Pstl/Nsil-linearized plasmid pTrX; 
del(43-53) to restore me functional xylanase gene in the new plasmid pTrX-HML-75A-105H- 
125A-129E-144R 
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ru 



11V ,™ fl fr„ r pl«mid P TrV-M^L-75AinSH-12SA129P-144Rl6lR 

The new mutant P TrX-HML-75Al05H-l25A129E-X44Rl6l differs from the 
precursor P TrX-HML-75Al05H-l25A129E-144R by an additional mutation Q161R. A new 
PCR reverse primer was used to create this mutation. 

TX-l61R-Xr (SEQ ID NO: 48) 
168 167 166 165 164 163 162 161 160 159 158 157 156 155 154 
TGLTLGQRAWANFHN 

5'-GT ACC TAG G GT TAA CCC TTG CCG TGC CCA TGC ATT AAA GTG ATT 

Avrll 

A PCR product encoding the TrX(l-l65) region was prepared as described in Table 3-9. 

Table 3-9: Plasmid pTrX-HMl-75A~10SK-l25A129E- 144R as PCR template. 

PCR PCR upstream PCR reverse primer Restriction enzymes for PCR 
product primer product 



(i) TX-N1 TX-161R-U PstI/ Avrll 



The Pstl/Avrll-cut PCR fragment (i) was ligated to the pstlAAvrll-linearized plasmid 
pTrX-del(43-53) to restore the functional xylanase gene in the new plasmid pTrX-HML-75A- 
105H-125A-129E-144R161R. 

1-12: Construction of the nlasmids pTr X-1 16G and pTrX-1 1 8C 

The two new mutants are identical to TrX, with the major difference of an additional 
mutation, i.e. Asp-1 16 to Gly (D116G) or Tyr-US to Cys (Yl 1 8C). 

Two PCR primers were prepared with mutation (in bold type). 
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TX-116G-1 (SEQ ID NO; SO) 
111 112 113 114 115 116 117 118 119 
DGSVYQIYR 
5 ' -GAC GGA TCC GTA TAT GGT ATC TAC CG 
BamHl 

TX-118C-1 (SEQ ID NO:51) 
111 112 113 114 115 116 117 118 119 120 121 122 
DGSVYDICRTQR 
5' -GAC GGA TCC GTA TAT GAT ATC TGC CGT ACC CAA CGC 
BamHI 

The following plasmid template and primers are required for the two PCR: 



Table 3-XO: PCR with plasmid pTrX as template 



PCR 
product 


PCR upstream 
primer 


PCR reverse 
primer 


Restriction cuts 


Ml 


TX-U6G-1 


TX-C1 


BamHI/HindDl 




TX-1 18C-1 


TX-Cl 


BamHJ/HindllZ 



Ligation of the cut PCR products (j) and (k) to BamHI/Hindm*linearized plasmid pTrX- 
del(123-144) restored a functional xylanase gene in transformants harboring the respective 
plasmids P TrX-U6G and pTrX-1 1 8C. 

1-13: Construction of the plasmids P TrX-HML-75A lO.SH-1 16G-175A129E-144R and pTrX- 
HML-7SAlQ5H-llgC-125A l29E-144R 

The two new mutants were identical to the precursor TrX-HML-75Al05H-l 25A129E- 
144R, with the major difference of an additional mutation, i.e. Asp-1 16 to Gly (Dl 16G) or Tyr- 
118toCys(YllSC). 

The following plasmid template and primers are required for the two PCR: 
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Table 3-11 : PCR with plasmid ? TrX-HML-75Al Q5H-1 2SAI29E-1 44R, as template 



PCR 
product 


PCR upstream 
primer 


PCR rcvciac 

primer 


Restriction cuts 


<1> 


TX-U6G-1 


TX-Cl 


BamHI/HindlU 


(m) 


TX-U8C-1 


TX-Cl 


BarnHI/HindlXl 



Ligation of the cut PCR products (1) and (m) to the BamHI/Hiridin-linearized plasmid 
pTrX-BMI--75AlOSH-del(l 23-144) restored a functional xylanase gene in transformants 
harboring the respective plasmids P TrX-HML-75Al05H-l 16G-125A129E-144R and P TrX- 
HML-75A105H-1 18C-125A129E-144R. 



G 



a -X4: Construction of the plasmids pTrX-B-1 1D-ML-75A105 H -12 5A129E-144R 161R, pTrX-H- 
1 1D-ML-7SA1Q5H-116G-125A129E-144R161R an dpTrX-H-nD-ML-7SAl05H-H8C- 
125A129E-144R16XR 

The new mutants TrX-H-nD-ML-75Al0SH-12SA129E-144Rl6lR, TrX-H-llD-ML- 
75A105H-U6G-125A129E-H4R161R and TrX-H-1 1D-ML-7SA10SH-118C-125A129E- 
144R161R were identical to their respective precursors TrX-HML-75Al 05H-125A129E-144R, 
TrX-HML-75Al05H-U6G-125Al 29E-144R and TrX-HML-75Al05H-n8C-l25A129E-144R, 
with the major difference of additional mutations, i.e. Asn-1 1 to Asp (NUD) and Gln-161 to Arg 
(Ql 61R). A new PCR primers was prepared with mutation Nl ID (in bold type). 

TX-lOHHD-1 (SEQ NO: 52) 
6 7 8 9 10 11 12 13 14 15 16 17 18 
GTGYKDGYFYSYW 

S'-GGA ACC QGT TAG CAC GAC GGT TAC TTT TAC AGC TAT TGG 
Agei 



Table 3-13 



PCR 
product 


Upstream 
primer 


Downstream 
primer 


Template 


Restriction 
cut 


(n) 


TX-lOHllD-1 


TX-l6lR-lr 


P TrX-HML-75Al05H- 
125A129E-144R 


Agei/ Avrll 


(o) 


TX-10H11D-1 


TX-l6lR-lr 


pTrX-HML-75Al05H-l 16G- 


Agei/ Avrll 
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125A129E-144R 




(p) 


TX-lOHUU-l 




pTrX-HML-75Al05H-1 18C- 
125A129E-144R 


Agel/ AvrlX 



Ligation of the cut PCR products (n), (a) and (p) to Agel/Avrll-cut plasmid P TrX-del(43- 
53) restored a functional xylanase gene in the transforraant harboring the new plasmids pTrX-H- 
HD-ML-75Al05H-125A129E-144Rl6lR,pTrX-H-UD-ML-75AlO5H-U6G-125Al29E- 
144R161R and ptrX-H-1 1D-ML-75A105H-118C-125A129E-144R161R respectively 

1_ 15: rflnsTmctiQn oFrhe deletion plasmid pTrX-H~llD-ML-7 5AlQ5H-l 1 6C,-delf 123-144) 



Aplasmid containing partially deleted xylanase gene, were constructed via a PCR 
reaction with a new primer encoding the deletion of the (123-144) region, via a protocol identical 
to the EXAMPLE 1-9. 

Table 3-14: PCR template with TX-del( 123-144)-! r a nd TX-N1 as primer 

PCR PCR template Restriction enzymes for PCR 

product Product 

~(q) pTrX-H-1 1D-ML-75AX05H-1 16G- PstFSacI 

125A129E-144R161R 



Ligation of the cut PCR iiagraent (q) to the Pstl/SacI-linearized plasmid pTrX and 
transformation to yield the correct clones harboring the deletion plasmid pTrX-H-l ID-ML- 
75A105H-1 l6G-del(123-144), that were identified through non-expressing of xylanase and 
absence of halo or clearing zone in the blue xylan-containing YT plates. 

1-16: Construction of th* plasmid pT rX-H-IlD-Mty75A10SH-ll6GllSC-12SA129E- 
144R161R 

The new mutant TrX-H-1 1D-ML-75A105H-1 16GU8C-12SA129E-144R161R was 
identical to its precursors TrX-H-1 1D-ML-75A105H-1 16G-125A129E-144R161R and TrX-H- 
1 1D-ML-75A105H-1 18C-125A129E-144R161R with the difference in the possession of 
combination mutation. Tyr-118 to Cys (Y118C) and Asp-1 16 to Gly (D116G). A new PCR 
primers was prepared with the combination mutation D116G / YU 8C (in bold type). 



40 



NOV-21 -2001 16:23 FROM- Gowdas Fax 3 



T-961 P. 046/086 F-781 



TX-116G118C-1 (SEQ ID NO: 53) 
ill Ii2 113 11-1 116 116 117 118 119 120 121 122 
DGSVYGICRTQR 
5' -GAC GGA TCC GTA TAT GGT ATC TGC CGT ACC CAA CGC 
BamHI 



tame 
PCR 
product. 


Upstream primer 


Downstream 
primer 


Template 


Restriction 
cut 


(r) 


TX-116G118C-1 


TX-161R-lr 


P TrX-HML-75A105H- 
125A129E-144R 


BaniHI/ Avrll 



Ligation of the cut PCR products (r) to BamHI/ Avrll-cut plasmid pTrX-H-llD-ML- 
75AX05H-U6G-del(123-144) restored a functional xylanase gene in the transforroant harboring 
the new plasmid pTrX-H-l 1D-ML-7SA105H-1 16Q1 18C-125A129E-144R161R. 

Example 2: Characterization of mutant xyhmases 

2-1: Production of xvlanases 

The culture conditions comprised a 5 ml culture of overnight innocuiant in 2YT medium 
(16 g bacto-lryptone, 10 g yeast extract, 5 g NaCl, 1 L of wateT) containing ampicillin (100 
mg/L) was added to 2YT medium (1 L) with ampicillin. The cultures were grown with shaking 
(200 rpm) at 37°C. After 16 hr, cells were harvested. 

2-2: Purification of mutan t xvlanases 

Protein samples were prepared from cells by first making an extract of the cells by 
grinding 10 g of the cell paste with 25 g of alumina powder. After grinding to smooth mixture, 
small amounts (5 mL) of ice cold buffer A (lOraM sodium acetate, pH 5.5 for BcX mutants) or 
buffer B (lOmM sodium acetate, P H 4.6 for TX mutants) were added and the mixture ground 
vigorously between additions. The alumina and cell debris were removed by centrifugation of 
the mixture at 8000 x g for 30 roin. 
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Prior to column cluomatcgraphy, the supernatant was adjusted to P H 4.6 by acetic acid 
and centrifuged to remove any precipitate. The subsequent method for column chromatography 
was identical for all mutant xylanases. 

Following acidification and centrifugation, the xylanase sample was pumped onto a 50 
ml bed volume, CM-sepharose fast flow, cation exchange column (Pharmacia Biotech, Uppsala), 
equilibrated in 10 mM sodium acetate (pH 4.6). The xylanase was eluied with a 250 ml linear 
gradient (0 to 0.6M NaCl in 10 mM sodium acetate , pH 4.6) at a flow rate of 1 ml/rain. The 
xylanases elute at 150 to 200 ml of the gradient. AUquots from the collected fractions are 
examined by SDS-PAGE, and those fractions having most of the xylanase present were pooled. 
The purified xylanase was quantified by spectrophotometry at 280 nm using an extinction 
coefficient between 54,600 - 53,400 M '' for most mutant TrX xylanases. A typical purification 
from lOg of cells yielded 25 mg of xylanase. 

2-3: Standard assay for the measurement of e n2vmaric activity 

The quantitative assay determined the number of reducing sugar ends generated from 
soluble xylan. The substrate for this assay was the fraction of birchwood xylan which dissolved 
in water from a 5% suspension of birchwood xylan (Sigma Chemical Co.). After removing the 
insoluble fraction, the supernatant was freeze dried and stored in a dessicator. The measurement 
of specific activity was performed as follows: Reaction mixtures containing 1 00 ul of 30 
mg/mL xylan previously diluted in assay buffer (50 mM sodium citrate, pH 5.5 or the pH 
optimum of the tested xylanase), 150 uL assay buffer, and 50 pX of enzyme diluted in assay 
buffer were incubated at 40° C. At various time intervals 50 pj- portions were removed and the 
reaction stopped by diluting in 1 ml of 5 mM NaOH. The amount of reducing sugars was 
determined with the hydroxybenzoic acid hydrazide reagent (HBAH) (Lever, 1972, Analytical 
Biochem 47:273-279). A unit of enzyme activity was defined as that amount generating 1 u mol 
reducing sugar in 1 minute at 40° C. 

For comparison of the specific activities between mutant and native xylanases the 
specific activities of a mutant xylanase was converted to a relative activity. The relative activity 
is calculated as a percentage, by dividing the specific activity of the mutant enzyme by the 
specific activity of the native xylanase. 
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T„ h .. ±. i>^»ti V + activity of mutant and native xyianases at 40°C and pH S.5. 


i . . 

Ayianasc 


Relative activity 


native TrX 


100 


f rX-HML-75Al05H-l 1 6G-125 Al 29E-144R 


84 


TrX-H-1 1D-ML-75 Al 05H-1 16G-1 25 Al 29E- 144R1 61 R 


80 


TrX-HML-75 Al 05H-1 1 8C-1 25 A129E-144R 


113 


TrX-H-UD-ML-75Al05H-118C-125A129E-l44R161R 


121 



* Specific activity of native TrX xylanase determined to be 770 U/mg. 

The results depicted in Table 4 indicate that the specific enzymatic activities of the 
mutant xyianases at 40° C have not changed significantly as compared to the native xylanase. 
Rather, with the 1 18C mutant xyianases (TrX-HML-AHCAE-R, and TrX-Hl 1D-ML-AHCAE- 
R) more activity is observed, when compared with the native xylanase (an increase in 13-21% in 
specific activity). 

7-4t pgTermi riaLion of tt« expression efficiency o f mutant xyianases by E, coli 

Via the standard assay described in 2-3, the relative expression efficiency for each mutant 
xylanase has been determined, via an estimation of xylose release by the xylanase produced in 
unit volume of the bacterial culture. The three mutant xyianases encoding the mutation Nl ID, 
namely: 

TrX-H-UD-ML-75Al05H-l25Al29E-144Rl61R (TrX~Hl 1 D-ML- AHAE-RR); 
TrX-H'UD-ML-75Al05H-U6G-l25Al29E-l44R161R (TrX-Hl 1D-ML-AHGAE-RR); and 

TrX-H-llD-ML-75AlQ5H-l 1 8C-125A129E-144R161R (TrX-H 1 1 D-ML- AHC AERR) 

are 2 4 - 4.3 fold more efficiently expressed by E. coli, as compared to their respective precursors 

TrX-HML-75Al05H-125A129E-144R161R,TrX-HML-75Al05H-U6G-125Al29E-144Rand 

TrX-HML-75Al05H-l 1 8C-125 A129E-1 44R without this mutation. 
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Tabic 5: Expression efficiency of mutant xylanases 



Relative expression 
efficiency* 



TrX-H~llD-ML-75Al0SH-125A129E-144R16lR 



2.4 fold 



TrX-H-llD-ML-75Al05H-116G-l25Al29E-144R161R 



3.1 fold 



TrX-H-llP-ML-75Al05H-n8C-l25Ai29E-144R161R 



4.3 fold 



* Relative to the respective precursors as stated in the text above. 

This indicates that one of the benefits of the mutation Nl ID is the enhancement of 
expression in microbes, a important characteristic for the industrial production of the enzyme. 

Example 3: Thermophilicity of mutant xylanases 

Thermophilicity was examined to test the effect of different temperatures on the 
enzymatic hydrolysis of soluble xylan by different mutant xylanases. 

The assay procedure was similar to the standard assay with changes in the incubation 
temperature and time. The xylanases (15 (4g/mL) and soluble birchwood xylan substrate, in 50 
mM sodium citrate buffer of pH 5.5, were mixed and incubated in a circulating water bath at 
different temperatures. After a 30-min incubation, the amount of reducing sugars released from 
xylan was determined by HBAH analysis and was calculated as a relative activity, with the value 
at 40°C representing 1 00%. 

The effect of temperature on the hydrolysis of xylan by TrX-HML-7SA105H-125Al29E- 
144R (TrX-HML-AHAE-R) is shown in Figure 3. Compared to the presursor without the H144R 
mutation (TrX-HML-AHAE), this mutant xylanase showed a moderately improved enzymatic 
activity at higher temperature. These results suggest that the H144R mutation improves the 
thermophilicity of xylanases. 

Another mutant TrX-HML-75Al05H-125A129E-144Rl6lR (TrX-HML-AHAE-RR) did 
not significantly enhance the enzymatic activity at higher temperature (not shown), as compared 
to TrX-HML-75A105H-l25Al29E-144R (TrX-HML-AHAE-R). These results suggest that the 
Q161R mutation does not benfit the thermophilicity of xylanases. 
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Two series of the mutants based on the mutations D116G and Y118C have been tested. 
Compared to u&uvc TrX, the single mutants TrX-U6C and TrX-U8C exhibit greater activity at 
higher temperatures (Figure 4). 

The same enhancing effect in thermophilicity was also observed in the next pairs of 
mutants: 

TrX-HML-75Al05H-U6G-125Al29E-144R (TrX-HML-AHGAE-R); and 
TrX-HML-75 Al 05H-1 1 8C- 1 25 Al 29E-H4R (TrX-HML-AHC AB-R), 

as compared to the precursor TrX-HML-75A105H-125Al29E-144R (Trx-HML-AHAE-R) at pH 
5.5 (Figure 5, only 1 16G mutant shown) and pH 6.0 (Figures 6 and 7; these figures comprise the 
same data but have different representation of the relative activity). 

Another series of mutant xylanases based on the Nl ID mutation also benefits the 
ihermophilicty. Mutant TrX-H-llD-ML-75Al05H-125A129E-144Rl6lR (TrX-HllD-ML- 
AHAE-RR) exhibited greater activity at higher temperatures, as compared to the precursor TrX- 
HML-75A105H-125A129E-144R (TrX-HML-AHAE-R;Figure 8). This result is unexpected as 
prior an resports indicated the same Nl ID mutation either lowered the temperature optima and 
temperature range in TrX mutants containing an intramolecular disulfide bond (Turenen et. al., 
2001), or no effect on thermophilicity of TrX-H-1 ID-ML was observed (US 5,759,840; mutant 
termed NI-TX12). These data of the present invention indicate that the 11D mutation benefits 
appropriately modified xylanases. 

The mutations identified above can be combined to create mutant xylanases with greater 
thermophilicity, even at higher pH range. The combination mutant xylanases, comprising triple 
mutations Nl ID/ Dl 16G/144R or Nl ID/Y1 18C/144R, namely: 

TrX-H-llD-ML-7SAl05H-116G-l25A129E-144R161R (TrX-Hl 1D-ML-AHGAE-RR); and 
TrX-H-11 D-ML-75A105H-U8C-125A129E-144R161R (TrX-Hl 1 D-MI--AHC AE-RR), 
exhibit maximum enzymatic activity at a higher temperature of about 70 to about 75° C and 
show significant enzymatic activity at 80°C at pH 5.5 (Figure 5, only 1 16G mutant shown), and 
pH 6.0 (Figures 6 and 7). These results suggest the effects of the mutations, D116G or Yl 18C, 
complement the mutations, Nl ID and H144R, with respect to thermophilicity of xylanase. 

Example 4: Alkalophilicity of mutant xylanases 

The alkalophilicity of genetically modified xylanases was examined to test the effect that 
different pH conditions had on the enzymatic hydrolysis of soluble birchwood xylan by mutant 
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xylanases. The assay procedure was similar to the standard assay with changes in the incubarion 
temperature and time. Aliquots of genetically modified xylanases (15 ug/mL) and soluble xylan 
substrate in 50 mM sodium citrate buffers which varied between P H 4-7 were incubated together 
at 65° C. Following 30 min incubations, the amount of reducing sugars released from the xylan 
substrate was determined by HBAH analysis and the enzymatic activity as a function of P H was 
calculated for a variety of mutant xylanases with the maximal activity taken as 100%. 

The mutation H144R does not affect the activity at higher pH. The mutant TrX-HML- 
75A105H-125A129E-144R and its precursor TrX-HML-75Al05K-125Al29£ have the same 
pH/activity profile (not shown). However, as noted in Example 3. this mutation (H144R) is 
beneficial to the thermophilicity of xylanase. 

The effect of pH on the enzymatic activity by the mutation Q161R in the mutant xylanase 
Trx-HML-75A105H-125A129E-144R161R (TrX-HML-AHAE-RR) is shown in Figure 9. 
Compared to its precursors TrX-HML-75Al05H-l2SAl29E and TrX-HML-75AlOSH- 
125A129E-144R (not shown), both of which have identical pH/acuvity profiles, the mutant 
xylanase TrX-HML-75A105H-125Al29E-144Rl6lR (TrX-HML-AHAE-RR) exhibits greater 
activity at a higher pH range of 6.5, 7.0, 7.5 and 8.0. TrX-HML-AHAE-RR also exhibits lower 
activity at lower pH of 5.0, 5.5 and 6.0, when compared to precursors without this mutation. 

The direct effect of the mutations D116G and Yl 18C on xylanase activity have been 
tested. Compared to native TrX, the single mutants TrX-1 16G and TrX-U8C have demonstrated 
greater activity at higher pH (Figure 10). 

The same enhancing effect in alkalophilicity by the mutations Dll 6G and YU 8C is also 
observed in the mutants: 

TTX-HML-75A105H-U6G-125A129E-144R (TrX-HML-AHGAE-R); and 
TrX-HML-75Ai05H-ll8C-125Al29E-144R (TrX-HML-AHCAE-R; Figure 9), 
when compared to the precursors TrX-HMt-75Al05H-125Al29E-144R and TrX-HML- 
7SA105H-125A129E. While both of these mutants demonstrated higher activity at pH 6.5, 7.0, 
7.5 and 8.0, the mutant TrX-HML-75Al05rM16G-125Al29E-144R retains optimal activity at 
the lower pH of 5.0, 5.5 and 6.0. This maintenance of high activity at pH 5.0- 8.0 by both of 
these mutants represents a broadening of the optimal pH range. 

The N11D mutation does not appear to contribute to the alkalophilicity of TrX. The 
mutant TrX-H-lll>-ML-75Al0SH-12SA129E-144Rl61R (TrX-Hl 1 DML- AHAE-RR) has 
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identical pH/activity profile as its precursor TrX-HML-75Al05H-125A129E-l44Rl6lR (not 
biiuwii). The result, of I ID having no effect in the pH/activity profile, contradicts Turenen et al. 
(2001) who note that the NUD mutation lowered the pH optima and pH range in a TrX mutant 
containing an intramolecular disulfide bond. However, the results as described above agree with 
that in US 5,759,840, where no negative effect on alkalophilicity of TrX-H-llD-ML (mutant 
termed NI-TX12) was observed. 

Mutations identified above have been combined to create mutant xylanases with greater 
alkalophilicity and thennophilicity. The combination mutants xylanases based on quadriple 
mutations Nl 1D/DU6G/H144R/Q161R or Nl 1D/Y 1 1 8C/144R/Q161R, namely: 
TrX-H-HD-ML-75Al05H-Xl6G-l25Al29E-144RX61R (TrX-Hl 1D-ML-AHGAE-RR; Figure 
9); and 

TrX-H-llO-ML-75Al05H-118C-l25Ai29E-144R161R (TrX-Hl ID-ML-AHCAE-RR; not 
shown), 

exhibit a maximum enzymatic activity from about pH 5.5 to about pH 7, as compared to 
precursor xylanases. Furthermore the presence of the mutation Dl 16G helps the retain 
substantially maxima! activity at a lower pH range of 5.0, 5.5 and 6.0, thus avoiding the 
significant loss of activity at low pH as observed in precursor TrX-HML-75A105H-125Al29E- 
144R161R (Figure 9). This result further confirmes the broadening of the optimal pH range. 

In summary, alkalophilic xylanase can be constructed through combination of mutations, 
Dl 16G or Y118C with Q161R. Addition of other new mutations Nl ID and H144R can further 
enhance the thermophilicity of the mutant TrX. The Nl ID mutation may benefit the expression 
of the mutants. 

While the present invention has described mutant xylanases which exhibit improved 
thennophilicity and alkalophilicity and the benefits associated with these enzymes in the 
production of paper pulp, these mutant xylanases may also be of use in other industrial 
processes, for example but not limited to the washing of precision devices and semiconductors. 
Further, by virtue their increased thermophilicity, and thermostability the mutant xylanses may 
be used in chemical processes that employ small quantities of denaturants or detergents or in the 
presence of solvents, for example but not limited to small amounts of apolar solvents such as but 
not limited to bexane, dioxanes, carbontetrachloride, benzene, ethers, chloroform, acetic acid and 
methylene chloride, and polar solvents such as but not limited to acetone, alcohols, 
dimeihylformamide, acetonirrile, sulfolane, dimethyls ulfoxide and water. 
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The present invention has been described with regard to preferred embodiments. 
However, it wui be obvious to persons skilled m the art that a number of variations and 
modifications can be made without departing from the scope of the invention as described 
herein. 
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